Abstract
Introduction
Telomere length (TL), repetitive sequences of DNA placed at the ends of eukaryotic 48 chromosomes that act as "caps" protecting genomic integrity and stability (46), has received 49 attention as a potential marker of biologic aging. (4, 20) Leukocyte TL in humans has been 50 associated with age-related diseases, disease biomarkers and mortality. (4, 5, 9, 11, 12, 30, 32) 51 For example, in the Cardiovascular Health Study, shorter TL was associated with higher risk 52 of CVD, with age-related disease burden and mortality. (5, 11, 12, 32 ) 53
Shortening of TL may be predominantly influenced by oxidative stress and 54 inflammation.(33) It has been hypothesized that higher levels of physical activity (PA) and 55 physical fitness (PF) may delay TL shortening, potentially through anti-inflammatory and 56
anti-oxidative mechanisms.(22, 41) Greater PA and PF are consistently associated with lower 57 morbidity and mortality from chronic diseases (1), supporting a potential "anti-aging" effect. 58
Yet, only limited epidemiologic evidence supports an influence on PA or PF on TL. Among 59 prior studies, some observational (7, 8, 17, 18, 21, 28, 34, 48) and 1 intervention (26) studies 60 suggested favorable roles of PA or PF for TL profiles, but other observational (6, 47) and 61 intervention (36, 42) studies did not. In addition, all of the observational studies assessed only 62 cross-sectional associations of a single PA or PF measure, limiting conclusions on long-term, 63 cumulative PA or PF. The 2 interventional studies were also of short duration (3-6 months), 64 limiting inference on effects of long-term PA or PF. No prior studies separately measured 65 both PA and PF and assessed whether each of PA and PF was independently associated with 66 TL. For example 2 of 4 prior studies had small samples sizes (N<65), limiting statistical 67 power to detect associations; and none separately evaluated both PA and PF to determine 68 their potential independent associations with TL. Finally, few of these prior studies were 69 conducted in older adults (18, 28, 34, 47) , a particularly relevant population in which to study 70 aging since old age is associated with a high prevalence of chronic diseases and consequently4 a possibly accelerated rate of telomere shortening. A recent 6-month randomized controlled 72 physical activity trial in 68-year-old, sedentary and overweight subjects, suggested that 73 reduced siting time, but not greater time spent exercising, was associated with telomere 74 lengthening. (38) However, this study had a small sample size (N=49). (38) 75 To address these issues and determine whether long-term PA and PF are associated with 76 TL and TL attrition later in life, we investigated the cross-sectional and prospective 77 associations of PA and PF with TL in a community-based cohort study of older US adults. 78
Population 80
The design and recruitment of the Cardiovascular Health Study have been 81 described.(13, 44) Briefly, 5,201 ambulatory, non-institutionalized men and women 82 ≥65 years of age were randomly selected and enrolled from Medicare eligibility lists 83 in 4 US communities in 1989-90; and an additional 687 black participants were 84 similarly recruited and enrolled in 1992. The institutional review committee at each 85 center approved the study, and all participants provided informed consent. From 86
1989-90 to 1998-99 participants were followed by annual study visits. Standardized 87 evaluations included physical examination, diagnostic testing, laboratory evaluation, 88 and questionnaires on health status, medical history, and cardiovascular risk 89 factors. (13, 27, 44) Blood was collected and stored during most visits, and DNA 90 collected from those participants that provided consent to use genetic material. 91
Individuals from each enrollment phase were included in the present study if they 92 consented the use of their DNA, had at least 12 mg DNA available, had stored 93 leukocytes for additional DNA preparation, and had measures of PA and PF info at 94 baseline. Characteristics of individuals included in this analysis were generally similar 95 to the whole cohort. including average walking pace (gait speed), and distance walked, were assessed 111 annually at each follow-up visit. We evaluated these metrics in pre-specified 112 categories, including: usual pace walked (<2, 2-3 and >3 mph), blocks walked 113 (quintiles), exercise intensity (none, low, medium and high) and leisure-time activity 114 (quintiles). A previously defined walking score was also evaluated based on the 115 combination of walking pace and walking distance. (23) 116 PF was also assessed at multiple serial visits (Supplementary Figure 1, SDC,  117 Timeline), including based on 15-ft walk (sec), grip strength (kg) and chair stands 118 (sec). In the 15-ft walk, a trained examiner measured the time needed for each 119 participant to walk a 15-ft course (4.5m) at his or her usual pace. Grip strength was 120 measured in the dominant hand using a hand-held JAMAR dynamometer, recording 121 the force in kg for the best of 3 attempts at maximal squeeze. For the chair stand, a 122 trained examiner recorded how quickly each participant performed 5 consecutive 123 chair stands (standing up, with arms folded across the chest, from a seated position on 124 a 45-cm-tall chair), timed to the nearest tenth of 1 sec. We evaluated each PF 125 measure separately and, similar to the walking score, also constructed a summary 126 measure based on all 3 PF measures (each in quintiles) to better capture the full 127 variation of PF within the cohort.
129
Measurement of telomere length 130 TL (kilo base pairs, kbp) was measured as the mean length of the terminal 131 restriction fragments in peripheral leukocytes. (4, 11, 25) A total of 582 older adults 132 consented for DNA preparation and use, had at least 12 g of available DNA, and had 133 stored leukocytes for additional DNA preparation in both 1992-93 and 1997-98 and 134 were included in the present analysis of TL change. TL was measured using the 135
Southern blot method as previously described.(3, 25) Each sample was analyzed twice 136 on different gels on different occasions, with mean value used for statistical analyses. 137
The Pearson correlation coefficient for these duplicates was 0.97, with mean CV for 138 pair sets of 1.5%. The laboratory conducting the TL measurements was blinded to all 139 participant characteristics. 140 DNA integrity was assessed through electrophoresis of 0.5 g of DNA on 1.0 141 ethidium bromide. These measures suggested some degradation, which would 142 attenuate the ability to detect differences in TL changes over time, especially over 143 only 5 years (1992-93 to 1997-98 Cross-sectional analysis of PA and PF and TL 225 In cross-sectional multivariable-adjusted analyses, greater reported walking 226 distance and a better chair test performance were associated with longer TL (p-227 trend=0.007 and 0.04 respectively) ( Table 2) . Additionally, a better overall fitness 228 score was associated with a trend toward longer TL (p-trend=0.09). In contrast, 229 walking pace, leisure-time activity, time to complete a 15-ft walk, and hand grip 230 strength were not significantly associated with TL. Analysis included only 231 participants with excellent, very good and good health status and those with no 232 limitations in activities of daily living or instrumental activities generated similar 233
results. 234
In multivariable longitudinal analyses, no significant associations were observed 237 between PA and PF from 1989-93 and subsequent 5-year change in TL (Table 3) . 238
Results including only participants with good or better health status and without 239 limitations in activities of daily living or instrumental activities were generally similar. 240
In secondary analyses evaluating change in TL as a binary variable (attrition, yes/no) 241 or as a continuous variable but with any observed increases re-coded as 0, no 242 significant associations were observed between PA and PF from 1989-93 and 243 subsequent 5-year change in TL (Supplementary Table 1 When we evaluated changes in PA and PF and changes in TL, change in leisure-248 time activity was associated with a trend toward less shortening in TL (p-trend=0.07), 249
and change in chair test performance was associated with less shortening in TL (p-250 trend=0.04). For example, each 1000 kcal/week of increased leisure-time activity was 251 associated with a trend toward 2.2 bp/year less attrition (95%CI: -0.18, 4.6); and each 252 one second change in the time needed to complete 5 chair stands was associated with 253 0.9 bp/year less attrition in TL (95% CI: 0.04 1.8). Other PA measures such as 254 walking pace, walking distance and walking score, and other PF measures such as the 255 walk test, hand grip test, and overall PF score, were not significant associated with 256 change in TL. When we excluded participants with poor self-reported health status or 257 having any limitations in activities of daily living or instrumental activities, 258 associations of changes in leisure-time activity and chair test performance with 259 change in TL were strengthened in magnitude (2.8 bp/year and 1.2 bp/year, 260 respectively) and statistical significance (p-trend=0.04 and 0.02, respectively). Resultswere generally similar in sensitivity analyses recoding any observed increases in TL 262 to no change (Supplementary Table 3 , SDC, additional statistical analyses). 263
Results were not appreciably altered in several sensitivity analyses, including 265 further adjustment for both PA and PF measures to assess their independent 266 associations with TL or further adjustment for baseline characteristics that could be 267 either confounders or mediators of these relationships (see Methods). Additionally, 268
we performed cumulative averaging with 50% weight given to most recent PA/PF 269 measure, with similar results to the equal weight cumulative averaging (data not 270 shown). 271
In this large prospective study among older adults, average age 73 years at their 273 first measurement of TL, cross-sectional analyses suggested that greater walking 274 distance as well as chair test performance are associated with longer TL. Furthermore, 275
prospective analyses have shown that changes in leisure-time activity and in chair test 276 performance are associated with differences in change in TL. The lack of prospective 277 associations of other PA and PF metrics could be due to measurement error in TL due 278 to DNA degradation, which would have diminished the ability to detect changes. 279
Even so, even later in life, changes in certain PA and PF are associated with TL, 280
suggesting that greater leisure-time activity and fitness could reduce leukocyte 281 attrition among older adults. 282
Telomeres are cap-like nucleoproteins at chromosome ends, which protect genome 283 from degradation and interchromosomal fusion (16, 35) . In the normal cellular process, 284 a small portion of telomeric DNA is lost with each cell division, when a limit length is 285 achieved cell undergoes apoptosis. In the present work we observed similarities and differences in cross-sectional 318 versus prospective analyses as for example, walking distance but not leisure-time 319 activity in cross-sectional analyses was associated with longer TL; conversely in 320 prospective analyses leisure-time activity but not walking distance was associated consistent with these latter 3 cross-sectional studies and also with other cross-335 sectional studies, conducted among middle age and younger participants, linking 336 higher PA to longer TL. (7, 8, 17, 18, 21, 28, 34, 48 The funders had no role in study design or conduct; data collection, management, 399 analysis, or interpretation; or manuscript preparation, review, or approval. 400
Results of the present study do not constitute endorsement by ACSM. 401 
Conflict of Interest Disclosures

550
Coronary heart disease=history of myocardial infarction, angina, or coronary revascularization.
551
Congestive Heart Failure = according to the presence of following symptoms: sleep on 2 pillows to 552 breathe, awakened at night by trouble breathing, swelling of feet and ankles during the day which goes 553 down overnight. Diabetes =fasting glucose >140 mg/dl, two hour post-oral challenge glucose >200 554 mg/dl, or use of insulin or oral hypoglycemic medications. fitness, between 1989-90 and 1992-93 and between 1993-94 and 1997-98 
568
Ŧ Sample size included ~ 25-40 fewer participants in each analysis due to missing data on the exposure. 
576
(male/female), race (white/nonwhite), clinical site (4 categories), education (< high school, high school, 577 > high school), income (≤/> $25 000/year) and smoking status (never/former/current). 90, 1990-91, 1991-92, 1992-93 ( 
583
597
Physical fitness score is an ordinal score based on the combination of performances on the walk test, 598 hand grip test and chair test (each in quintiles).
